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Highlights 
 The performance of AHSS in chain-die forming is investigated by 
experiment and simulation. 
 The hardening model to describe the Bauschinger effect of the 
AHSS is established and implemented into the finite element 
model of chain-die forming process. 
 The evolutions of longitudinal strain and springback in the 
chain-die forming of the U-channel are investigated. 
 A systematic comparison between chain-die forming and roll 
forming of the U-channel are performed in terms of deformation 
mechanism, transitional surface, strain development and 
springback, etc. 
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Abstract 
Advanced high strength steels (AHSS) pose great challenges to sheet metal forming 
processes in vehicle components manufacturing with their increasing high strength 
and surface hardness. Chain-die forming is a recently proposed manufacturing method 
alternative to roll forming, aiming at reducing the redundant strain by enlarging the 
deformation length through a remarkably large rotation radius. In this work, the 
performance of AHSS in chain-die forming is investigated by experiment and 
simulation. The mechanical tests and chain-die forming tests on four AHSS materials 
are performed. The Chaboche hardening model to describe the Bauschinger effect of 
the AHSS is established and implemented into the finite element model of chain-die 
forming process. The evolution of longitudinal strain and springback are elaborated 
and discussed. Furthermore, a systematic comparison between chain-die forming and 
roll forming of the U-channel are performed based on the verified FE model. The 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
chain-die forming has obvious smaller and less fluctuate longitudinal strain on the 
flange, mainly because chain-die forming has a smoother transitional surface. 
Chain-die forming can alleviate web bow; the flange width of the chain-die formed 
U-channel presents a monotonic increase trend along the longitudinal direction, while 
the flange width of the roll-formed shows a fluctuate trend. On the other hand, the 
springback after chain-die forming is larger than that after roll forming, which implies 
more compensation is needed to obtain a desired product. 
Keywords: Advanced high strength steels (AHSS); Chain-die forming; Bauschinger 
effect; U-channel; Springback; Roll forming 
 
1. Introduction 
Advanced high strength steels (AHSS) are increasingly being used in automobile 
industry, as the replacement of mild steels, to enhance vehicle crashworthiness, 
improve fuel economy and to reduce CO2 emissions. However, with the increase of 
strength and surface hardness, AHSS pose great challenge to the sheet metal forming 
processes in vehicle components manufacturing. In stamping process, the use of 
AHSS leads to the occurrence of "shear fracture" [1] when sheet metal is drawn over 
a tight die radius and an increased level of die wear and springback [2]. 
In recent decade, roll forming has been drawn much attention in manufacturing 
AHSS structural and crash parts, like bumper beam [3], side impact door beam [4], 
associated brackets, seat structures, fascia supports etc., due to several pronounced 
advantages for bending over deep drawing/bending process, such as less tool wear, 
tighter bend radius, lower level of springback [5,6], etc., which are mainly attributed 
to its nature of incremental forming [7]. Besides, springback and shape defects can be 
flexibly compensated by appropriate adjustment of roll positions [8]. The roll forming 
of U-channel made of AHSS, a characteristic component, was extensively studied by 
experiment [9] and simulation [10], and the influential factors to roll load were 
discussed. 
In roll-forming, sheet metals are progressively deformed into products with 
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required cross-sectional profiles by a series of rolls installed at the tandems along the 
longitudinal direction (Fig. 1). The plate experiences incrementally transverse 
bending at each stand of roll. Additionally, the edges of the strip are subjected to the 
longitudinal strains due to travelling a longer distance than the centerline, which are 
undesired deformation or redundant deformation [8]. The redundant longitudinal 
strain originates from the difference of deformation path at different positions of a 
cross section, e.g. as shown in Fig. 2. AB travels along a straight line and the edge DF 
travels a longer distance along a curve. Furthermore, the material generally undergoes 
tension-compression cycling deformation especially when the strip passes through a 
roll stand. The redundant deformation can lead to high residual strain or stress, which 
is responsible for some major defects, such as camber, bow, twist and excessive 
springback [8,11]. 
 
Fig. 1. A schematic drawing of roll forming process [12]. 
 
 
Fig. 2. Theoretical flow of material during forming a U-channel. 
Many efforts have been made to reduce the redundant strain by optimization of 
process parameters. In general, the longitudinal strain developed is rather related to 
bending angle increment over the forming distance and product flange height [13,14] 
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than to material properties. Paralikas et al. [11,15-18] investigated the influences of 
process parameters on the quality of V-section products made of AHSS, and found the 
downhill pass method could reduce elastic longitudinal strain and thickness reduction, 
but meanwhile it enhanced the springback after forming. The work of Abeyrathna et 
al. [19,20] on roll forming of DP and MS steels showed that the peak longitudinal 
edge strain increases with bending angle, whereas decreases with flange length, and 
longitudinal bow decreases with the increase of flange length and inter-station 
distance. Badr et al. [7] carried out an investigation on the effect of two tooling design 
strategies on the longitudinal bow in roll forming AHSS, and found that the 
longitudinal bow was reduced by 50% by assuming the constant bend radius scheme 
compared with the constant arc length strategy. 
In order to minimize the edge redundant strain, if impossible to eliminate, and to 
improve product quality, Ding [21] proposed the chain-die forming as an alternate to 
conventional roll forming. The most prominent characteristic of chain-die forming is 
to increase the forming length by enlarging the radii of the rolls to tens of meters, 
which is realized by discrete die-blocks attached to a rotational track. The advantage 
of enlarging forming length was illustrated by a qualitative comparison between 
chain-die forming and roll forming [22]. Further experiment on an AHSS U-channel 
showed chain-die forming can lead to very limited residual strain [23]. It can also 
achieve large bending angle increment without obvious defects [24], and thus shorten 
production line by replacing the roll forming stands with fewer chain-die forming 
stands. Sun et al. [25] experimentally studied the maximum edge longitudinal 
membrane strain and springback in chain-die forming a U-channel, and the response 
surface analysis showed flange height is the most important factor to determine the 
maximum strain developed. Further experimental and numerical researches showed 
the longitudinal strain developed is related to flange height, sheet thickness, rotational 
radii, etc. [26]. 
Springback is another major issue in roll forming of AHSS [27]. The accurate 
prediction of springback in roll forming is the prerequisite for enforcement of 
springback compensation to obtain satisfying products [4]. The simulation of Badr et 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
al. [28] showed that the final springback of V-section shaped profile decreases with 
the increasing forming passes. Abvabi et al. [29] simulated springback in roll forming 
by considering the reduction of elastic modulus with straining. Groche et al. [30] 
implemented a springback compensation method, based on over-bending, into a 
closed-loop system for roll forming of an ultra-high strength steel. Wiebenga et al. 
[31,32] proposed a numerical approach to robust in-line control of the roll forming of 
a V-profile product made of AHSS, through an adjustable last roll stand. Abeyrathna 
et al. [33] presented a springback compensation method for roll forming of high 
strength steel, by establishing the relationship between the product shape and process 
parameters. Sun et al. [25] predicted the springback of chain-die formed AHSS 
U-channel by employing response surface methodology based on the experimental 
work, and concluded that the springback is largely determined by tensile strength of 
materials. The accuracy of springback prediction depends much on constitutive model 
used in simulation. AHSS generally present much more obvious Bauschinger effect 
than mild steels [34], and this has not been considered in the previous study on 
springback of AHSS in chain-die forming. 
The aim of the present work is to investigate the performance of AHSS in chain-die 
forming by experiment and simulation. The mechanical tests and chain-die forming 
tests on four AHSS materials are performed. A Chaboche hardening model to describe 
the Bauschinger effect of the AHSS is established and implemented into the finite 
element model of the U-profile chain-die forming processes. The evolution of 
longitudinal strain and springback are calculated and compared with measured ones. 
Finally, the chain-die forming and roll forming of an identical U-channel are 
numerically compared using the verified FE model to further illustrate the advantage 
of chain-die forming. 
 
2. Experiments 
2.1 Materials 
Four AHSS acquired from Baosteel were tested: DP780, QP980, QP1180, and 
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MS1500. The basic mechanical properties of the materials are listed in Table 1, 
representing a range of strengths, ductilities, and strengthening/deformation 
mechanisms. DP steels compose a ferrite matrix containing a hard martensitic second 
phase, which enables good ductility and high strength respectively [35]. MS steels 
have the largest tensile strength and very limited elongation among the multiphase 
steels because they are characterized by a martensitic matrix with a little ferrite and/or 
bainite [35]. QP steel is a typical type of ―Third Generation‖ of AHSS, developed 
recently based on quenching and partitioning theory [36]. The QP steels can achieve 
good combination of strength and ductility by the martensitic phase and the TRIP 
(transform induced plasticity) effect of the carbon-enriched retained austenite [37]. 
 
Table 1 
Mechanical properties of 4 types of AHSS (tested by a Zwick/Roell Z020 machine at SJTU). 
Material t(mm) σy(MPa) σUTS (MPa) eu(%) et(%) E(GPa) 
DP780 1.4 480 815 15.3 20.2 208 
QP980 1.2 612 1245 17.7 19.8 210 
QP1180 1.2 884 1403 16.2 18.2 204 
MS1500 1.2 1068 1485 5.14 10.3 210 
Note: 
t – thickness of the specimen. 
σy – 0.2% offset yield strength. 
σUTS – ultimate tensile strength. 
eu – uniform elongation (engineering strain at maximum tensile load). 
et – total elongation (engineering strain at fracture). 
E – Young’s modulus. 
“DP‖ refers to a dual-phase steel, ―QP‖ refers to a quenched and partitioned steel, and ―MS‖ 
means a martensite steel. The numbers in the steel labels indicate the nominal ultimate tensile 
strength of that grade. 
 
2.2 Tensile and compression/tension tests 
In order to obtain the mechanical properties of the AHSS materials, 1 tensile test 
and 2 compression/tension (CT) tests were performed. Testing was conducted by 
using an MTS 810 tensile frame at room temperature. The CT tests utilized a special 
parallel specimen with optimal dimension to enlarge the compression range attainable 
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before buckling, and the CT testing procedures, including compensation for biaxiality 
and friction have been described in the literature [38,39]. The tensile tests also took 
advantage of the same specimen to ensure consistency. All the specimens were 
prepared along RD (rolling direction). All the tests were done at 10
-3
 strain rate level. 
In the CT test, the sample was firstly compressed to a certain pre-strain
1
, then 
reloaded in the tensile direction until fracture. The CT test results after correction for 
the four types of AHSS are shown in Fig. 3. 
 
Fig.3. CT tests results for DP780, QP980, QP1180 and MS1500 
 
In order to characterize the Bauschinger effect of the four alloys, as shown in Fig. 4, 
the Bauschinger ratio rBE defined by Kim et al. [40] is employed here, as 
2
l r
BE
l
r
 



                            
(1) 
where σl is the initial yield strength during the loading process, and σr is the initial 
yield stress in the subsequent reloading (the pre-strains used for DP780, QP980 and 
QP1180 are -3%, and -3.5% for MS1500), as illustrated in Fig. 4. Both the two yield 
                                                        
1In order to lower the scatter and random errors of one CT curve when fitting the constitutive model, 2 CT tests 
with different pre-strains were conducted. Smaller pre-strains were used for QP1180 and MS1500 to avoid 
buckling. 
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stress values are determined by the 0.2% strain offset. The closer is rBE to 1, the 
weaker is the Bauschinger effect. The Bauschinger ratios for the 4 AHSS are listed in 
Table 2, among which QP980 and MS1500 exhibit the weakest and strongest 
Bauschinger effect respectively. 
 
 
Fig. 4. The definition of Bauschinger ratio. 
 
Table 2  
The Bauschinger ratios of the 4 AHSS. 
 DP780 QP980 QP1180 MS1500 
rBE 0.774 0.887 0.811 0.715 
 
2.3 Chain-die forming experiment 
Fig.5 is a dimensional drawing of the U-channel to be formed. The working 
mechanism of a chain-die forming machine, mainly consisting of gears, track boards, 
rollers, chain links, die blocks, is illustrated in Fig. 6. The track boards are designed 
with a large radius, e.g. 35 meters [26], at the top and bottom surface. The rollers held 
together by the pre-tensioned chain links are mounted on the outer surface of the track 
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board. The die blocks are fixed to the chain links by bolts and move forward with the 
rotary track, driven by the gear. The engagement of the top and bottom die blocks 
enables feed-in and following gradual bending of the sheet metal. 
 
Fig.5. The U-channel dimensions. (Unit: mm) 
  
 
Fig.6. Schematic diagram of chain-die forming. 
The experiment setup of a single stand chain-die forming is presented in Fig. 7(a), 
which is the same as that in the work of Ding and Sun et al. [21,25]. Over-bending die 
blocks with a convex web region were designed to compensate springback, as shown 
in Fig. 7(b). The width wu and corner radius ru are determined according to the sheet 
thickness and clearance. The gap clearance between dies is set to be 10% of the sheet 
thickness. 
A 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
(a) 
 
 (b) 
Fig.7. Experiment setup of chain-die forming: (a) pilot chain-die forming machine with a single station, 
(b) the dimensions of a die block pair. (Unit: mm) 
For each AHSS, 5 pieces of metal sheets with different width, i.e. different flange 
height after forming, were tested. The dimensions of tested sheets are listed in Table 3. 
The thickness t and length l of each AHSS specimen tested in this work are assumed 
as the same, 1.2 mm and 300 mm, respectively. The top/bottom die was divided into 
10 pairs
2
 of die blocks in the forming test. The length of each die block was 36 mm. 
 
                                                        
2 In reality, 9 pairs of die blocks are sufficient to cover the specimen which is 300 mm in length. But one more 
pair makes the experiment more flexible. 
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Table 3  
The values of sheet width and corresponding flange height for 4 type of AHSS. 
Material Width value (mm) Flange height (mm) 
DP780 60.6, 63, 70, 74.6, 80 12.9, 14.1, 17.5, 19.9, 22.5 
QP980 57.8, 63, 70, 74.6, 80 11.5, 14.1, 17.5, 19.8, 22.5 
QP1180 61, 63, 70, 74.8, 80 13.5, 14.1, 17.5, 19.9, 22.5 
MS1500 63, 65, 70, 75.4, 80 14.1, 15, 17.5, 20.3, 22.5 
In order to measure the longitudinal strain near the edge of flange in the whole 
deformation process, two KFG-5-120-C1-11 L1M2R strain gauges (KYOWA) were 
attached on the top (or inside) and bottom (or outside) surfaces respectively along the 
longitudinal direction of each sample. The strain gages with length of 5mm and grid 
width of 1.4 mm were bonded to the polished areas at the edge of the flange and the 
middle of the sample, as shown in Fig. 5 and Fig.7(a). The strain signal was acquired 
by NI (National instruments) cDAQ-9171 with an NI 9237 simultaneous bridge 
module. The measured data was continuously recorded and displayed in LabVIEW on 
a laptop. 
The output rotation speed of the motor was set low enough in order to achieve a 
quasi-static deformation, and the linear velocity of the die blocks was about 16 mm/s. 
After chain-die forming, the geometrical configurations of the formed products 
were measured by using a HandySCAN 300™ 3D scanner. The configurations were 
generated by the commercial software VXelements based on the scanned point cloud. 
Considering both ends of the sample will experience more complicated deformation 
state when entering and leaving the die blocks, the cross-section of the U-channel at 
the middle part was used for comparison with simulation. This is also the reason why 
the longitudinal strain was measured at the middle position. 
 
3. Material and process modeling 
3.1 Constitutive model 
The von Mises yield criterion and a Chaboche nonlinear kinematic hardening 
model [41] with 3 back stress components are employed here to describe the 
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hardening behavior of the AHSS materials, and summarized as the following 
equations. 
The Chaboche model with von Mises yield function can be described as 
   
3
: 0
2
f            σ Χ σ Χ σ Χ
             
(2) 
and 
0 ISO                                (3) 
where σ is the stress tensor; Χ is the back stress denoting the translation of yield 
surface, i.e. kinematic hardening variable; σ and 'Χ are deviatoric parts of stress 
and back stress respectively;  is the size of yield surface in stress space, which 
expands uniformly by isotropic hardening; 0 is the initial yield stress; ISO is the 
isotropic hardening stress. 
The back stress Χ  is the sum of components iΧ . 
3
1i
 iΧ Χ
                             
(4) 
2
3
i ic p i p iΧ ε Χ
                        
(5) 
where iΧ  is back stress component; i is the index of components; iΧ is back stress 
increment rate component; ic and i  are kinematic hardening constants; pε is plastic 
strain rate; p is accumulated equivalent plastic strain rate. 
The evolution of iΧ is 
  0 0i ii i i p p
i i
c c
exp      
 
 
     
 
        (6) 
in which i  is the magnitude of back stress component; 1   gives the flow 
direction; 0i and 0p are the values of i and p at the beginning of the loading 
branch, and p is the equivalent plastic strain. 
The evolution of the isotropic hardening item in Eq. (3) can be expressed as 
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  1 expISO Q bp               (7) 
where Q  is the saturation stress at large strain; b is the saturation rate of isotropic 
hardening stress; p is accumulated plastic strain. 
Substituting Eqs. (3), (4), (6), and (7) into Eq. (2), the instant yield stress in 
uniaxial loading is 
0( )ISO                    (8) 
3.2 Parameters fitting 
The parameters ic , i , Q , and b were obtained by fitting the Eqs. (4)-(8) to the 
monotonic tension and CT test data shown in Fig. 3. The fitting was accomplished by 
using the least square method in Matlab (Matlab R2011b). The process was repeated 
with 100 randomly generated starting sets of parameters, and a set of optimal 
parameters leading to the minimum standard deviation between the fitted curves and 
experimental data was selected. The optimal results for Chaboche model parameters 
are listed in Table 4 and the fitting results are shown in Fig. 8. The fitting standard 
errors of the 4 AHSS are less than 3.1% of average stress values over all strains. The 
fitting curves show good agreement with the measurement, and the Chaboche model 
with 3 nonlinear items can describe the hardening characteristics for the 4 AHSS with 
a considerable accuracy. 
Table 4  
The fitted coefficients of the Chaboche model for the AHSS. 
Parameters Trial values Optimal values 
Low High DP780 QP980 QP1180 MS1500 
c1(MPa) 1 1e8 551.7 1523.6 3490.2 1316.2 
γ1 1 1e6 1 1 10.4 1 
c2(MPa) 1 1e8 36069.5 18674.4 64580.5 11407.3 
γ2 1 1e6 101.5 72.8 137 72.5 
c3(MPa) 1 1e8 59794.6 32.8 159.6 16187.9 
γ3 1 1e6 454.1 1385.8 8199.8 295.8 
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Q(MPa) 1 1e6 105 228.2 228.3 200.1 
b 1 1e8 8.9 11 10518.8 291.9 
<σ>(MPa)   14.1 22.9 34.4 17 
R.E. (%)   1.79 2.27 3.04 1.45 
Note: 
<σ> refers to standard error, and R.E. means relative error. 
Relative error = standard error/average stress. 
 
(a) 
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(b) 
 
(c) 
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(d) 
Fig.8. Fitting results for DP780, QP980, QP1180 and MS1500: (a) DP780, (b) QP980, (c) QP1180, and 
(d) MS1500. 
 
3.3 FE modeling 
A finite element model of the chain-die forming was developed by using 
ABAQUS/Standard, as shown in Fig. 9. Due to the symmetry, only a half model of 
the sheet metal is established. 
 
Fig.9. The finite element model of the chain-die forming experiment. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
The dimensions of the blanks in simulation were assumed as the same as in the 
experiment. The sheet is discretized by eight-node linear brick element with reduced 
integration (C3D8R). A series of mesh sensitivity simulations was performed to arrive 
at an adequate mesh size as follows: 5 layers of element through thickness, 100 
elements in longitudinal direction, and in width direction, the element sizes of 0.4 mm, 
0.3 mm and 0.4 mm for flange, corner, and web regions respectively. The sheet model 
had 43,000 elements and 52722 nodes. Nine pairs of die blocks were used, as 
numbered in Fig. 9, and modeled as discrete rigid surfaces by the R3D4 element. The 
Coulomb friction model was employed and the friction coefficient between the sheet 
and die blocks was set as 0.1. 
In the forming stage, the sheet metal was set stationary at the beginning. Then the 
top and bottom die blocks were given the same rotational velocity 0.0028572 rad/s but 
in the opposite direction. 
In order to isolate the effect of hardening models on the simulation result, both the 
Chaboche model introduced in Section 3.1 and the isotropic hardening model 
established by using the monotonic tension curves in Section 2 were implemented in 
the FE simulation. 
4. Result and discussion  
4.1 The chain-die forming experiment results 
Fig. 10 shows the measured longitudinal membrane strain at the flange edge, 
obtained by averaging the measured top and bottom surface strain. The similar 
tendency of all the curves in Fig. 10 indicates that the present chain-die forming 
experiment has good repeatability. The longitudinal membrane strain reaches the peak 
when the forming distance is close to 200 mm and it does not change after about 800 
mm [26]. It can be seen that tensile and compression strains appear alternatively until 
the tail end of the U-channel leaves the fully engaged location of the top and bottom 
die blocks (the third state depicted in Fig. 6(b)). Afterwards, the strain at the middle of 
the flange edge keeps constant as the residual strain. According to Fig. 10(a)~(d), the 
peak tensile strain, which is obviously larger than compressive one, decreases with the 
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reduction of blank width. 
Fig. 11 and Table 5 present the comparison of peak strain and residual strain among 
the four AHSS with a same blank width 14.1mm. The peak strains on the flange edges 
of all the materials are far below the corresponding elastic limit strains. However, the 
deformation on the flange does not entirely recover and the residual strain still exists 
after forming. The reason is that the deformation that occurs in other regions, 
especially on the corner, will affect the strain distribution on the flange. The 
maximum residual strain is very small, less than 0.015%. 
 
(a) 
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(b) 
 
(c) 
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(d) 
Fig. 10. The measured longitudinal membrane strain development for 4 AHSS: (a) DP780, (b) QP980, 
(c) QP1180, and (d) MS1500. 
 
 
Fig. 11. The comparison of measured longitudinal membrane strain among the 4 AHSS with the same 
geometrical configurations of the metal sheet. 
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Table 5  
The strain values for 4 AHSS with the same flange height 14.1 mm. 
 Peak strain (%) Residual strain (%) Elastic limit strain(%) 
DP780 0.1680 0.0139 0.4308 
QP980 0.1428 0.0067 0.4914 
QP1180 0.1450 0.0022 0.6333 
MS1500 0.1331 0 0.7086 
Note:  
The precision of the strain gauge is ±0.0005%. 
The elastic limit strain is calculated by 𝜎𝑦 𝐸⁄ + 0.2%. 
 
The change of peak longitudinal membrane strain and residual strain distribution 
with the variation of flange height for the 4 AHSS are depicted in Fig. 12. Both the 
peak strain and residual strain increase with the increasing flange height. The residual 
strains of QP1180 and MS1500 are obviously lower than those of DP780 and QP980 
with the same flange height. 
 
(a) 
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(b) 
Fig. 12. Peak membrane strain and residual strain for all sheets: (a) peak membrane strain distribution, 
(b) residual strain distribution. 
 
4.2 Contrast between simulation and experiment 
1) Longitudinal membrane strain 
Fig. 13 presents the comparison of peak and residual longitudinal membrane strains 
among the calculated results by using the isotropic hardening and Chaboche 
hardening models and experiment for the 4 AHSS specimens with a same blank width 
63 mm (the corresponding flange height is 14.1 mm). The hardening model shows no 
obvious influence on the calculated peak strain, but affect much on residual strain 
prediction. The Chaboche hardening model leads to much better results compared to 
the isotropic hardening model. The residual strains predicted by the isotropic 
hardening model are larger than those by the Chaobche hardening model because the 
isotropic hardening model overestimates the stress in the reverse loading and causes 
more elastic recovery. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
(a) 
 
(b) 
Fig. 13. Strain comparison between simulation and experiment for 4 AHSS: (a) longitudinal peak 
membrane strain, (b) residual strain. 
Note: 
Iso—calculated results by using the isotropic hardening model. 
Cha—calculated results by using the Chaboche hardening model. 
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2) Springback  
The scanned section configuration at the middle of the chain-die formed U-channel 
is presented in Fig. 14(a). The calculated section contours were extracted from the 
springback simulation results. The cross section of U-channel before springback can 
be divided into 4 different segments, as shown in Fig. 14(b). The flange area includes 
segment ①  and ② . Segment ①does not experience any deformation in the 
transverse direction. Consequently, it produces no springback itself. Segment ② 
firstly is bent when the top die goes down, followed by unbending when it slides away 
from the corner, and its springback makes the flange bend inward. Undoubtedly, the 
springback of the corner segment ③ make the flange bend outward. The web 
segment ④ experiences bending and reverse bending successively, and its elastic 
recovery also makes the flange bend inward. 
The springback of the chain-die formed U-channel is quantified by the geometric 
deviations of the flange and web regions. As demonstrated in Fig. 14(c), two 
parameters are used: the angle 𝛼 between the flange and the vertical line, and the 
variation ∆𝛿 = 𝛿 − 𝛿0, where 𝛿 is the vertical coordinate difference from point U to 
V, as shown in Fig. 14(b) and (c), and 𝛿0 is the initial value of 𝛿 prior to springback, 
here 𝛿0 = −1.55 mm. 
The comparison between predicted springback and experimental ones for the 4 
AHSS specimens with the width of 63 mm are presented in Fig. 15 and Table 6. In 
order to make the deformed configurations comparable, the two points P1 and P2 
depicted in Fig. 14(a), which are the symmetrical points on the inner and outer 
sections respectively, are prescribed to keep lying on the original symmetrical line for 
all the specimens. The nodes on the flange part before and after springback are fitted 
to two straight lines for measuring the springback angle 𝛼. 
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(a) 
 
(b) 
 
 
(c) 
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Fig. 14. Springback of a chain-die formed U-channel: (a) a U-channel product, (b) springback tendency 
of different segments, and (c) indicators for springback evaluation. 
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(c) 
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(d) 
Fig.15. Comparison of deformed configurations after springback: (a) DP780, (b) QP980, (c) QP1180 
and (d) MS1500. 
Table 6  
Springback parameters for 4 AHSS. 
Materials Springback 
parameters 
Experiment Iso Cha 
Sim. |Dif.| Sim. |Dif.| 
DP780 α (°) 0.94 -2.05 2.99 0.61 0.33 
∆𝛿 (mm) 1.31 1.72 0.41 1.55 0.24 
QP980 α (°) 0.06 -2.19 2. 25 -1.14 1.20 
∆𝛿 (mm) 1.30 1.90 0.60 1.55 0.25 
QP1180 α (°) -0.43 -3.08 2.65 0.73 1.16 
∆𝛿 (mm) 1.39 2.23 0.84 1.36 0.03 
MS1500 α (°) 1.66 -1.74 3.40 0.64 1.02 
∆𝛿 (mm) 1.90 2.35 0.45 2.08 0.18 
 
Note: 
Sim.—the simulation results. 
|Dif.|—absolute difference between simulation and experimental results. 
 
The comparison results presented in Fig. 15 and Table 6 reveal that the Chaboche 
model gives better prediction of springback than the isotropic hardening model for all 
the 4 AHSS, because it can describe the Bauschinger effect of the AHSS. Among the 
four AHSS, the MS1500 and QP980 present the largest and smallest springback, 
which corresponds to the order of Bauschinger ratio introduced in Section 2. 
It is noted that there is still small difference between the predicted configurations 
after springback by the Chaboche model and the measured ones at the U-channel 
corner. The possible reasons are: 1) the die blocks are not strictly rigid in practice. 
When the sheet contacts with the dies, the local forming force will keep increasing 
until it reaches the maximum stroke status and the die blocks can also deform [42]; 2) 
there is inevitably a tiny assembly gap between the track and the die blocks, even 
rollers. 
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5. Numerical comparison between chain-die and roll forming  
Chain-die forming was developed aiming at reducing the redundant strain in roll 
forming process [21]. However, a systematic comparison between chain-die forming 
and roll forming has not been available so far. In this section, the roll forming 
processes of the U-channel mentioned above are modeled, simulated and then 
compared with the chain-die forming process in terms of deformation mechanism, 
transitional surface, strain development and springback. 
5.1 FE models for roll forming 
The tool design of chain-die forming is straightforward, as it likes a ―rotational 
stamping‖. On the contrary, a roll forming process needs deliberate forming flower 
pattern design and roll design [6]. Two roll forming schemes for the U-channel with 
different bending angle increment, 30° and 15° respectively were modeled (denoted 
by roll forming-30° and roll forming-15° respectively), as shown in Fig. 16. The 
forming flower and roll design of the roll forming were accomplished by using the 
software UBECO PROFIL [43]. In the forming flower design shown in Fig. 16(a) and 
(b), the web region is kept flat before the last forming stand, where the final section 
shape is fulfilled. 
The roll design corresponding to the flower patterns is presented in Fig. 17. The 
forming process with 15° increment consists of 6 roll stands, (a) to (f) in Fig. 17; the 
forming process with 30° one has 3 stands, (b), (d) and (f). 
The FE models of the two roll forming processes were established by using 
ABAQUS/Standard. The sheet dimension and FE mesh was taken to be the same as in 
the chain-die forming mentioned in Section 3.3. Each inter-stand distance was set as 
250 mm in the two schemes, so that the sheet can contact with the rolls at two 
successive stands simultaneously. All of the rolls were modeled as discrete rigid. The 
Coulomb friction coefficient between the tools and sheet metal was taken as 0.1. The 
mechanical properties and the Chaboche model for DP780 were used for 
demonstration. 
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(a) 
 
(b) 
Fig. 16. Flower pattern design of two schemes in roll forming: (a) 30° increment, (b) 15°increment. 
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Fig. 17. Configurations of roll stands in roll forming: (a) bend-angle is 15°, (b) 30°, (c) 45°, (d) 60°, (e) 
75°, and (f) 90°. (Unit: mm) 
 
5.2 Forming mechanism 
Both roll forming and chain-die forming are gradual bending processes, and 
chain-die forming essentially can be taken as a special type of roll forming. In roll 
forming, rolls installed at the tandems play the key role in both bending and driving 
the strip forward through rotation. In contrast, there are no rolls in chain-die forming 
and instead die blocks are used. It is not easy and economical to machine each die 
block to a radius to realize the large virtual roll radius. Therefore, die blocks without 
arc feature are usually made, but installed on the outer surface of the track board that 
has the exactly large radius, i.e. using a number of linear segment to fit an arc, as 
illustrated in Fig. 18. Consequently, the geometrical accuracy of the products made by 
chain-die forming is related to the length of die block. The assembly gap error eg  
induced by die block discretion can be given as below. 
  22
1
2 / 2
100% 100%
c c db
g
R R l
t t
e
t t
 

   
         
(9) 
where, t1 is the minimum gap between the midpoints of the top and bottom die blocks 
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(corresponding to the midpoints of the two chord lines in Fig. 18(c)); Rc is the radius 
of the rotation locus; ldb is the length of die block; t is the thickness of the sheet metal, 
which is assumed to be equal to the gap between the rotation locus of the top and 
bottom die blocks for simplification. 
 
(a) 
 
(b) 
 
(c) 
Fig. 18. Comparison of the forming mechanism between roll forming and chain-die forming: 
(a) schematic diagram of the two processes, (b) chain-die forming with different die block lengths, (c) 
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the assembly clearance error induced by the die blocks. 
Fig. 19 presents the assembly gap error with respect to different die block length, 
sheet thickness and rotational radius of the track, calculated by Eq. (9). The 
geometrical accuracy rises with the decrease of die block length and the increase of 
thickness and rotation radius. As shown in Fig. 19, the geometrical error can be 
reduced to 0.19% when die block length is 18 mm, in contrast to the error 0.77% with 
die block length of 36 mm; correspondingly, the number of die blocks is doubled and 
the maximum reaction force of the die block during deformation is reduced by about 
half. On the other hand, reducing the die block length can inevitably lower the 
stiffness of die blocks. 
 
(a) 
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(b) 
 
(c) 
Fig. 19. The effect of the 3 parameters on the assembly clearance error:(a) die block length, (b) 
thickness, and (c) rotation radius. 
 
Fig. 20. The relations between maximum reaction force, block number and die block length (calculated 
by the FE model). 
Note: 
Except the die block length and number, all the settings in the FE model of the above 3 schemes are the 
same as that in Section 3.3. 
The simulation results indicate that different number of die blocks does not affect the total resultant 
force of all the die blocks. 
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5.3 Transitional surface comparison 
Transitional surface is defined as the shape of the mid-surface of the sheet metal 
from initial un-deformed to final deformed state. The comparison of transitional 
surface between chain-die forming and roll forming is illustrated in Fig. 21. In 
chain-die forming and roll-forming, the deformation path may vary for different areas 
in a cross section, and this path-length difference results in longitudinal stretching or 
compression. It is obvious that the edge point A/E travels longer than B/F, i.e. the 
length of AC/EG is larger than that of BD/FH. The larger the path-length difference is, 
the more redundant strain is generated. The path-length difference in roll forming can 
increase more than chain-die forming, since there generally are many roll stands in 
roll forming. Moreover, when the sheet metal leaves a roll stand, the occurrence of 
springback induces reverse deformation on the flange, which creates more redundant 
strain. Dramatic deformation usually occurs near each roll stand in roll forming. 
 
(a) 
 
(b) 
Fig. 21. The transitional surface of(a) chain-die forming, (b) roll forming (demonstrated with 2 
roll stands for simplification). 
Chain-die forming realizes the bending angle increment of 90° at only one stand, 
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which looks like a severe deformation. However, the deformation length in chain-die 
forming is much larger than that in roll forming, which makes the bending angle 
increase more uniformly, since a very large virtual roll radius is employed. The 
comparison between the chain-die forming and the two roll forming processes is 
presented in Table 7. The relative bend angle increment is
L

, where ∆𝜃 is bending 
angle increment at one stand and L is the deformation length, is used here to further 
evaluate the deformation extent. It also indicates that chain-die forming has smoother 
transitional surface. 
 
Table 7  
Deformation length and relative bend angle increment. 
 Deformation length L 
(mm) 
L

 
(rad/mm) 
Chain-die Forming 574 2.74×10-3 
Roll Forming-15° 45.4 8.16×10-3 
Roll Forming-30° 32.1 1.15×10-2 
Note: 
The deformation lengths of the chain-die forming and roll forming are calculated by the methods 
proposed by Sun et al. [26] and Bhattacharyya et al. [44], respectively. 
 
5.4 Strain development 
The longitudinal strains in chain-die forming and roll forming processes at the same 
location of the flange (see Fig. 5) are calculated. Fig. 22(a) and (b) show the evolution 
of the longitudinal membrane strain on the inner and outer surface respectively. Fig. 
22(c) shows the comparison of longitudinal membrane strain on the mid-surface, 
which is obtained by averaging the strains on inner and outer surfaces. Fig. 22(d) 
shows the evolution of strain gradient through the thickness.  
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(b) 
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(c) 
 
(d) 
Fig. 22. Strain comparison: (a) inner surface strain, (b) outer surface strain, (c) mid-surface strain, and 
(d) strain gradient through thickness. 
Note: 
Normalized forming distance is given by the following expression: 
Instant forming distance
Normalized forming distance = 
Total forming distance
,  
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The total forming distances in the FE simulation of the three forming processes are 900 mm (chain-die 
forming), 919mm (30° increment) and 1670 mm (15° increment) respectively. Therefore the 
normalized forming distances at the forming stands are 0.218, 0.49, and 0.762 in roll forming-30°, 
0.12, 0.27, 0.42, 0.569, 0.718, and 0.868 for the 6 stands of roll forming-15°. 
Max.—maximum value of longitudinal membrane strain. 
Res. —residual strain. 
Max. Abs. —maximum absolute value of membrane strain. 
Strain gradient is calculate by (𝜖𝑏
𝑚 − 𝜖𝑡
𝑚)/𝑡, where 𝜖𝑏
𝑚 is the longitudinal membrane strain on the 
outer surface, and 𝜖𝑡
𝑚 is the longitudinal membrane strain on the inner surface. 
 
The maximum membrane strain, residual strain, and maximum absolute values of 
the three processes in Fig. 22 are summarized in Table 8 for convenience. 
 
Table 8  
Strain comparison of the 3 processes. 
 Inner surface 
membrane strain 
Outer surface 
membrane strain 
Mid-surface 
membrane strain 
Strain 
gradient 
Max. Res. Max. Res. Max. Res. Max. Abs. 
Chain-die 
Forming 
0.20% 0.02% 0.21% 0.02% 0.20% 0.02% 0.12%/mm 
Roll-forming
-15° 
0.43% 0.09% 0.35% 0.09% 0.19% 0.09% 0.64%/mm 
Roll-forming
-30° 
1.02% 0.31% 0.63% 0.31% 0.52% 0.31% 0.86%/mm 
 
It can be seen in Fig. 22 and Table 8 that the longitudinal strain on the surfaces in 
the roll forming can be reduced with the increase of forming stands, but are still 
obviously larger than that in the chain-die forming. On the inner surface, the 
maximum longitudinal strains in roll forming-30° and roll forming-15° are 4.9 and 2 
times as much as that in chain-die forming respectively; on the outer surface, they are 
2.7 and 1.5 times as much as that in chain-die forming. The maximum longitudinal 
membrane strain of the mid-surface in roll forming-30° are about 2.5 times as much 
as that in chain-die forming, but becomes close to that in chain-die forming when roll 
forming-15° scheme is assumed. The longitudinal membrane strain presents multiple 
peaks, corresponding to multiple forming stands. 
In the roll forming processes, thickness strain gradient has a dramatic change from 
a positive local maximum to a negative one when the sheet enters and leaves each roll 
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station. This implies sharply switched loading and reverse loading in roll forming. 
The maximum strain gradients are 0.86%/mm and 0.64%/mm in the two roll forming 
processes. In contrast, the change of loading direction is much smoother in chain-die 
forming, and the maximum strain gradient is only 0.12%/mm. 
The peak values of longitudinal membrane strain in roll forming has exceeded the 
elastic strain and can inevitably produce larger redundant plastic deformation. 
Moreover, the multiple peak characteristics of strain leads to more plastic energy 
dissipation in roll forming. In contrast, chain-die forming has much smaller 
deformation gradient through the sheet thickness, which implies much more energy 
saving and higher product quality. 
 
5.5 Formed configuration 
The comparison of deformed configurations includes three aspects: longitudinal 
center line, flange edge and middle cross section of the U-channel product, as 
indicated in Fig. 23. Considering the end effects, only the central part of the former 
two lines, which are trunked by 50 mm from both ends, are extracted from simulation 
for comparison. 
Fig. 24(a)~(c) show the comparison of longitudinal center line, flange edge and the 
cross section among the three forming schemes, which reflect web bow, edge wave 
and springback, respectively. The corresponding characteristic parameters are listed in 
Table 9. 
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Fig. 23. Schematic diagram of flange edge and longitudinal center lines. (Unit: mm) 
 
(a) 
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(b) 
 
(c) 
Fig. 24. Formed configurations: (a) longitudinal center line (side view, viewed in y direction), (b) 
flange edge (top view, viewed in x direction), (c) geometric configurations of the cross section through 
S2. 
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Note: 
In the longitudinal center line comparison, the X coordinate of point S1’ is translated to 0 firstly, 
then the line is rotated about Y axis to guarantee the X value of S3’ is 0. 
The X coordinates of the points located in the flange edge are not considered, i.e. only the 
projection of flange edge to Y-Z plane is considered. 
All the Z coordinates of the nodes distributed on the cross section through S2 are not concerned. 
All of the cross sections of the 3 processes are translated to (0,0) in X-Y plane. 
 
Table 9  
The characteristic parameters of formed configurations. 
 Longitudinal 
center line 
Flange edge Springback 
 Max. dev. 
(mm) 
Max. dev. 
(mm) 
Std. dev. 
(mm) 
Flange 
(°) 
Web 
(mm) 
Chain-die Forming 0.11 0.068 0.019 0.61 1.55 
Roll-forming-15° 0.41 0.376 0.010 1.31 0.87 
Roll-forming-30° 1.29 0.328 0.020 1.02 0.73 
Note: 
Max. dev.— maximum deviation from the ideal line. 
Std. dev. — standard deviation of the distance among the points of the accumulated results and the 
ideal flange edge. 
 
It can be seen from Fig. 24(a) and Table 9 that more obvious web bow occurs in 
roll forming than in chain-die forming. The maximum web deviations of chain-die 
forming, roll forming-15° and roll forming-30° are 0.11, 0.41 and 1.29 mm 
respectively. Fig. 24(b) shows that the maximum deviation of the Y coordinates from 
the ideal flange edge after chain-die forming is the least, but the standard deviation in 
chain-die forming falls between the two roll forming processes. The width of the 
flange edge formed by chain-die forming increases monotonously along the 
longitudinal direction, whereas presents fluctuant after roll forming. The possibility of 
edge wave occurring in roll forming is reduced with the increase of the roll stands. 
The chain-die forming leads to the largest web springback and smallest flange 
springback, and the springback in roll forming-15° is a little larger than that in roll 
forming-30°, as presented in Fig. 24(c) and Table 9. 
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7. Conclusions 
In this work, the chain-die forming of the U-channel made of AHSS is studied by 
experiment and finite element simulation, and then a systematic comparison between 
chain-die forming and roll forming is carried out by using the finite element model. 
The following conclusion can be drawn. 
1) The four AHSS, DP780, QP980, QP1180 and MS1500, exhibit obvious 
Bauschinger effect. MS1500 and QP980 have the most and least obvious 
Bauschinger effect respectively, which correspond to the largest and smallest 
springback in the chain-die forming. 
2) With the increase of flange height, both the longitudinal peak membrane strain 
and residual strain at the flange edge of the U-channel increase. For each material, 
the higher the peak strain is, the larger residual strain remains. Residual strain still 
exists on the flange edge though the peak membrane strain is still within the 
elastic limit, due to the influence of the deformation in other regions. 
3) The Chaboche hardening model and isotropic hardening model have little 
difference in the prediction of longitudinal peak membrane strain because of the 
linear loading path. However, the Chaboche model shows great advantage over 
isotropic hardening model in prediction of residual strain and springback, where 
unloading and reverse loading occur. 
4) The comparison between chain-die forming and roll forming reveal that chain-die 
forming has obvious smaller and less fluctuate longitudinal strain on the flange, 
mainly because chain-die forming has a smoother transitional surface; optimal 
forming parameters design, including die block length and rotation radius, can 
eliminate the geometrical error induced by using discrete die blocks in chain-die 
forming; chain-die forming can alleviate web bow compared to roll forming; the 
flange width of the chain-die formed U-channel presents a monotonic increase 
trend along the longitudinal direction, while the flange width of the roll-formed 
shows a fluctuate trend; The springback after chain-die forming is larger than that 
after roll forming, which means more compensation is needed to obtain a desired 
product. 
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